The nucleon-He' elastic scattering at the incident energies from 0 to 40 MeV is investigated in relation to the nuclear forces. The s-, p-, d-and f-wave phase shifts are calculated by the nucleon-He4 interaction, that is constructed from an approximated Hamada and Johnston nucleon-nucleon potential. The differentia-l cross section and the polarization angular distribution calculated by these phase shifts are compared with the experimental data. We get the following results: All essential features of the nucleon-He4 scattering are explained in the energy region where the inelastic cross section is negligible. Especially the polarization at 40 MeV is fairly reproduced, which is attributed to very small (and negative) values of the d-wave phase shifts. The nucleon-He4 interaction depends drastically on the energy and the state, as the result of the presence of large non-local interaction. The nucleon-He4 spin-orbit coupling is constructed from the tensor and the spin-orbit part of the nucleon-nucleon forces. It is probable that the strength of the original spin-orbit force is rather weaker at low energies than that known from the high energy proton-proton scattering. § I. Introduction and summary Problems on light nuclei are of special importance in nuclear physics. As early as in thirtieth, they threw light on the properties of nuclear forces and the structure of nuclei. In recent several years, an extensive and . fairly accurate knowledge of the nuclear forces has been obtained through theoretical and experimental development. At the present stage, therefore, the problems on light nuclei are to be solved substantially in terms of the realistic nuclear forces by taking account of the antisymmetry among nucleons, since the problems are rather free from various complex difficulties of the so-called many body problem. From such a point of view, some investigations were made by assuming the nuclear forces known in those days and some success was achieved.
§ I. Introduction and summary
Problems on light nuclei are of special importance in nuclear physics. As early as in thirtieth, they threw light on the properties of nuclear forces and the structure of nuclei. In recent several years, an extensive and . fairly accurate knowledge of the nuclear forces has been obtained through theoretical and experimental development. At the present stage, therefore, the problems on light nuclei are to be solved substantially in terms of the realistic nuclear forces by taking account of the antisymmetry among nucleons, since the problems are rather free from various complex difficulties of the so-called many body problem. From such a point of view, some investigations were made by assuming the nuclear forces known in those days and some success was achieved. 1 l Conversely they could also give certain amount of information on the nuclear forces.
In the present attempt, we will comprehensively investigate the nucleonHe4(N-He4) elastic scattering. An attempt on the subject was made by Nagata et al_lbl***l for the incident nucleon energies up to 5 MeV by using a method de-veloped by Sugie et al. 2 l and by assuming a nucleon-nucleon (N-N) central force Va and a tensor force Vr based on the pion theory. Later, Takamura and Tamagaki 1 "l examined the consequences of an N-N spin-orbit (LS) force VLs that had been introduced to explain high energy proton-proton scattering. The combined conclusions of these attempts are that about one half of the spin-orbit (ls) coupling interaction for the N-He 4 p-wave scattering may be explained by Vr, and that VLS introduced above seems too large to be consistent with the rest of the ls coupling. On the other hand, Gammel and Thaler 3 l studied in detail the N-He 4 scattering up to 40 MeV from a purely phenomenological point of view. They were forced to introduce a rather strong energy dependence to their N-He 4 potential. However, a recent experiment on the polarization of the p-He 4 scattering at 40 MeV made by the Minnesota group 4 l has been found to contradict decisively their predictions; this suggests that the N-He 4 interaction is not so simple as described by their energy-dependent potential.
With regard to this situation we take the following new points into account, extending the previous works 1 bJ,lcJ one step further: (i) We investigate not only the s-and p-phase shifts but also the d-and f-phase shifts of the elastic scattering, because the effects of the nuclear forces are different for each of the partial waves. (ii) We examine behaviours of the phase shifts below 40 MeV and compare them with the experimental data and see if the energy dependence is properly interpreted. (iii) Since V Ls has not been established by low energy N-N scattering experiment as Va andV r, a number of parameters characterizing VLS are used to get crucial information on it. We also take account of the N-N .hard core effect. (iv) We solve the integrodifferential equation for the radial part of the N-He 4 partial wave function by the iteration procedure using the NEAC-2203 electronic computer, the convergence being satisfactory.
Our main results are summarised as follows : (1) The N-He 4 interaction is quite different for each of the partial waves (the state-dependent feature). In particular, two d-wave phase shifts (J = 3/2 and 5/2) are very small and even negative in the energy range considered. (Their magnitudes are comparable to those of the f-waves). The splitting between them is also unappreciable, which is due to the cancellation of the contribution of V r with that of VLs· The small mean value and splitting of the d-wave phase shifts are the very features necessary to explain the polarization angular distribution at 40 MeV. The state-dependent feature comes generally from N-He 4 non-local interactions due to the antisymmetry among nucleons and to the specific exchange character of the nuclear forces.
(2) Our phase shifts of the s-, p-, d-and /-waves reproduce the experimental data from 0 to 40 MeV. The phenomenological energy dependence as described by Gammel and Thaler's potential can also be attributed to the non-local interactions (the energy-dependent feature). (3) It is probable that the strength of VLs which is consistent with the features of (1) and (2) is rather weaker at low energies than that known from the high energy proton-proton scattering. This conclusion is the same as that of Takamura and Tamagaki. 1 "> It is consistent with the plausible conclusion obtained from a recent phase shift analysis by Hoshizaki et al. 5 > of proton-proton scattering including the spin correlation C KP at 52 MeV. (4) The N-N hard core effect seems to be important for the N-He 4 scattering and for the binding energy , of He 4 • (5) Thus it may be said that all the essential features of the N-He 4 interaction in the energy region where the inelastic cross section is negligible are explained by our treatment. This is, so to speak, quite natural from the point of view mentioned at the beginning of the present section. We think that in nuclear reactions concerning light nuclei the state-and energy-dependent features may generally appear and that these featU1·es may be understood on the basis as (1) and (2) through the nuclear forces essentially based on meson theory. 6 
>*> § 2. , Equation of motion for N-He 4 scattering
The N-He 4 scattering equation is derived by the same method as in A, for which we shall not describe any detail. The points are that we start from the Schrodinger equation for the five nucleon system and by neglecting the excitation of He\ we put
where ¢ (i) describes the i-th of the three identical nucleons and cp (-i) is the antisymmetric wave function of He 4 without containing the i-th nucleon. ¢ (1) is decomposed into partial waves as
!J where x;:; is the angular part, J and l being the total and orbital angular momenta respectively, and flJ (r) .is the radial part, r being the relative coordinate between the first nucleon and the center of mass of He 4 • Assuming that
where, -Ea is the binding energy of He 4 and that cp ( -1) is a superposition of the 1 8 0-and 5 D 0-states**l with a ratio 1: C, we obtain an integra-differential The N-N potential shape is chosen as
for the sake of convenience in performing the integration easily. The parameters in (2 · 7) are determined in such a way that the potential fits to Hamada and Johnston's potential,**> except for the parameters of the LS force that are varied widely. The potential chosen is shown in Fig. 1 . It can be written in terms of the exchange operators as follows :
where PM, PB, PH, sl2 and LS are the Majorana, Bartlett, Heisenberg, tensor and spin-orbit opertors, respectively. The parameters in (2 · 7) and (2 · 8) are summarized in Table I . Furthermore, the effect of the hard core is taken into account by assuming a B-function type repulsive pulse for all N-N states:
where rc = 0.485 X 10-13 cm and the parameter A is determined phenomenogically. Throughout discussions below, the values of the V LS parameters in case I *l As C2<0.l, we neglect terms proportional to C2 for the scattering problem. **l Besides V a, V T and VL8 , Hamada and Johnston's potential has a quadratic LS force, which is thought to be a phenomenological substitute for nonstatic effects of the pion theory. But we neglect this term since its effect is very small at low energies. Generally speaking, w•q•s have a drastic state and energy dependence; the state dependence comes from the sign change of the g-function*l in the kernels due to the antisymmetry a~ong nucleons and to the specific exchange character of the N-N forces. The energy dependence comes from the overlapping integral of the kernel and fu(r) which has an appreciable energy dependence and from the explicit contribution of the kinetic energy to k.. It is seen from Eq. (3 ·1) that w•q•s have a weak dependence on J through fu for fixed l, but it is omitted in the following discussions. 2) The most striking feature in the behaviour of the p-phase shifts is their rapid variation up to 10MeV. tlps;2 clearly s.hows the resonance at a few MeV. Above 10 MeV, both tlps/2 and tlpl/2 decrease slowly with increasing energy.
Thus our method is successful in reproducing the energy dependence of the pphase shifts.
3) The d-phase shifts are both negative and exhibit small magnitudes in the whole range of the energy as well as a small doublet splitting. This manifests the situation, as is stressed in the preceding section, how much the kernel terms contribute to the effective interaction in the d-state. Such a behaviour of tla's is consistent ~ith the phenomenological analyses up to 10 MeV. This fact is also essential for the explanation of the polarization angular distribution at 40 MeV, which will be discussed separately. .,--- 
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4-2. Differential cross sectiot? and polarization
Now we compare the differential cross section and the polarization angular distribution caculated from our set of phase shifts with the experimental data of the proton-He 4 elastic scattering. only with one experiment at 3.6 MeV that is not in consistent with ours. Figure 7 shows the experimental data and our results together with those by Gammel and Thaler 8 > at E= 14.32 MeV. In this energy region, our treatment seems to be most reliable, because our approximations mentioned in § 2 are expected to be .valid. Figure 7 shows an excellent agreement with the data, which in turn confirms the validity of our treatment and seems to justify the choice of the parameters. In this sense, the parameters thus determined may be regarded to guggest certain pieces of information on the N-N force as will be discussed later. It is noted that our iJ<L' s have small magnitudes and the opposite sign to those by Gammel and Thaler. 
At E=40MeV the recent experiment on the polarization by the Minnesota group shown in Fig. 8*l is characterized by the following features : It reveals a large backward peak having a maximum near 6=140° and a dip near 6=100°. As has already been pointed out by the Minnesota group, 4 l there exists a serious discrepancy between the data and the result of G;mmel and Thaler's potential. As is seen from Fig. 8 , the latter is in disagreement even in the sign. On the other hand, our set of phase shifts reproduces the essential features of the data. This is due to the following situation: The polarization P(6) is written in terms of the phase shifts as,
The coefficients a, b, c and dare shown in Appendix C. In the case of l~4 l~~P and ~., c is approximated as follows:
which gives a small value because ~4512 -~4312 is also small. In our set, ~. and ~P's are comparatively large, whereas ~/s are very small. This assures that the s-and p-wave govern the main behaviou~ of the polarization, namely of the form of -sin 26. On the other hand, when ~4's are not as small compared with ~P's and ~.,
which gives a large contribution in the form of sin 36 to the polarization. Thus the large ~a's yield a peak near 6 = 90° and a backward dip typically represented by the result of Gammel and Thaler.
For the differential cross section, certain discrepancies are found; our calculation gives a somewhat smaller value in the forward and a larger one in the backward. Some corrections are considered. The higher partial waves neglected above will contribute to the forward cross section. We estimate the contribution from the partial waves with l from 4 to 7 by using the phase shifts given by Gammel and Thaler's potential. The differential cross section is enhanced by 35% of ours at 6 = 20°. Since the effect of the higher partial waves reduces rapidly with increasing 6, it is expected that the effect modifies our result satisfactorily in the forward. The effect of inelastic processes on the elastic one is estimated to be negligible, about a few percent on account of the small inelastic cross section observed. 14 l The higher order correction in constructing *l The data of the polarization in Fig. 8 are shown with smaller magnitude by 13% than those in reference 4) following· the private communication from Dr. S. Suwa, to whom the authors express their thanks. the N-He 4 interaction in our treatment is very difficult to estimate.
For the backward directions with angle larger than {} = 140°, the experimental point are so few that it cannot be concluded whether there exists a serious disagreement or not.
In order to see how the results change by the variation of some parameters we calculate the phase shifs with c~-0.3 and V T= -400 MeV (10 26 cm-2 ) , using
the same values for the other parameters. The value of V T 0 / f.l is equal to that in A and the value of C is also the same one as in A. In the range of this variation the phase shifts are changed only by a few percent, although these parameters cannot give the minimum value of the binding energy of He 4 • can be drawn because of (i) no reason to choose either case I or II and (ii) the rather poor approximation rn~thod for the inelastic proc-ess and so on. Notice that the N-He 4 scattering energy of 40 MeV effectively corresponds to the free N-N scattering energy of about 100MeV.
The binding energy of He 4 is written as follows : The effect of the hard core pulse is very important to the binding energy. In A, this effect is estimated by the short range correlation which leads to an increase of the kinetic energy of the nucleon inside the nucleus. We evaluate exactly the contribution from the hard core pulse. The value of each term in Eq. (4 ·1) is tabulated in Table II . Here a is fixed to be 0.14 X 10 26 cm-2 , since this seems to be well established from the e-He 4 scattering. The total binding energy of He' is somewhat small, however, this may hardly be taken seriously, because, as has been pointed out by Blatt et aPh.l., even in the triton binding energy, some diffi-culty has appeared when the binding energy has been calculated in terms of the usual N-N potential, and because we take approximation that the effect of the hard core is substituted by the pseudopotential Eq. (2 · 9) and the potential are fitted by the r 2 times Gaussian form.
Appendix B

The expression for the binding energy of He'
The expression for the contribution to the binding energy from V Ls and the hard core pulse is given in the following: 
Appendix C
The coefficienc:es a, b, c and d in Eq. ( 4 ·1) are given in the following : a = 4 sin ( tJ pB/2 -tJ pl/2) {cos ( tJ pa/2 + tJ pl/2 -2(] ,) -cos ( tJ pa;2 + tJ pl/2) } -_!_sin ( tJ pa;2 -tJ pl/2) {3cos ( tJ ps/2 + tJ pl/2 -2(] d5/2) + 2cos (tJ pa;2 + tJ pl/2 -2tJ da/2) 2 -5cos ( tJ pa;2 + tJ pl/2) } + 3sin (tJd5/2-tJds;2) {2 cos (tJds/2 + tJdl/2-2(] pB/2) +cos (tJdo/2 + tJdl/2-2tJ pt12) -3 cos (tJd52 + (Jd3/2)}' b = 6 sin (tJ pa;2-tJ pt;2) {cos (tJ pa;2-tJ p112) -cos (tJ ps;2 + tJpl/2)} + 6 sin (tJdo/2-tJda/2) {cos (tJd5/2 + tJda;2-2tJ.) -cos{tJd5/2 + tJda;2)} + ~sin ( tJ d6/2 -tJ dB/2) {cos ( tJ d5/2 -tJ da;2) -cos ( tJ d5/2 + tJ d3/2) } 
